We introduced polypurine tract (PPT) mutations, which we had previously tested in an in vitro assay, into the viral clone NL4-3KFS⌬nef. Each mutant was tested for single-round infectivity and virion production. All of the PPT mutations had an effect on replication; however, mutation of the 5 end appeared to have less of an effect on infectivity than mutation of the 3 end of the PPT sequence. Curiously, a mutation in which the entire PPT sequence was randomized (PPTSUB) retained 12% of the infectivity of the wild type (WT) in a multinuclear activation of galactosidase indicator assay. Supernatants from these infections contained viral particles, as evidenced by the presence of p24 antigen. Two-long terminal repeat (2-LTR) circle junction analysis following PPTSUB infection revealed that the mutant could form a high percentage of normal junctions. Quantification of the 2-LTR circles using real-time PCR revealed that number of 2-LTR circles from cells infected with the PPTSUB mutant was 3.5 logs greater than 2-LTR circles from cells infected with WT virus. To determine whether the progeny virions from a PPTSUB infection could undergo further rounds of replication, we introduced the PPTSUB mutation into a replication-competent virus. Our results show that the mutant virus is able to replicate and that the infectivity of the progeny virions increases with each passage, quickly reverting to a WT PPT sequence. Together, these experiments confirm that the 3 end of the PPT is important for plus-strand priming and that a virus that completely lacks a PPT can replicate at a low level.
After entry of the human immunodeficiency virus type 1 (HIV-1) virion into the host cell, its single-stranded RNA genome is converted into a double-stranded DNA intermediate through the process of reverse transcription (reviewed in reference 11). This process, catalyzed by a virally encoded reverse transcriptase (RT), requires a primer for each strand of DNA to be synthesized. The primer for minus-strand DNA synthesis is provided by a cellular tRNA (tRNA 3 Lys in the case of HIV-1), which is selectively incorporated into the virion during budding (29, 34, 42 ; reviewed in references 11 and 43) . This primer binds to the viral RNA at a region known as the primer-binding site (PBS) (37, 59, 72) to initiate minus-strand synthesis. The plus-strand DNA primer is provided by a 15-nucleotide (nt) purine-rich viral RNA sequence known as the polypurine tract (PPT; 5Ј-AAAAGAAAAGGGGGG-3Ј) (reviewed in reference 56), which is generated from viral RNA by the RNase H activity of RT (18, 41, 45, 47, 54, 55, 58, 64) . The PPT is highly conserved in most retroviruses and has been shown to be selectively used as the site of plus-strand initiation (18, 21, 26, 41, 45, 47, 51, 54, 55, 67) . Cleavage site specificity is required for proper generation and removal of the PPT (18, 26, 38, 41, 45, 47, 50, 52, 53, 54, 57, 58, 64, 75) . Previous studies have demonstrated that certain residues within the PPT and its overall helical structure are important determinants for specific cleavage and extension (21, 26, 33, 41, 51, 55, 60, 63) . The sites of plus-and minus-strand initiation are important because they ultimately define the ends of the full-length proviral DNA, which are recognized by the viral integrase (5, 62 ; reviewed in reference 11).
Much of the work that has previously been done to study the specific requirements for cleavage and extension of the PPT has been done using in vitro systems. Early systems used the Moloney murine leukemia virus (Mo-MLV) as the model substrate in reactions using purified RT. Cleavage specificity of the Mo-MLV PPT was most affected by changes in PPT residues Ϫ1, Ϫ2, Ϫ4, or Ϫ7, with nt Ϫ7 being the most significant for proper cleavage (55) . In similar studies using HIV-1 substrates, the critical residues were found to be at nt Ϫ2 and Ϫ4 (53) .
We have also determined the sequence requirements of the HIV-1 PPT using a simplified in vitro assay (summarized in Table 1 ). In this assay, 15-or 20-nt RNA oligomers containing specific PPT mutations were annealed to complementary 35-nt DNA templates to test for the oligomer's ability to be extended by HIV-1 RT. The results from this study demonstrated that the 5Ј end of the PPT sequence could be mutated without loss of plus-strand priming, while the 3Ј end of the PPT was sensitive to relatively small changes in the sequence (51) . It should be noted that this assay primarily determines the sequence requirements for primer extension.
The sequence requirements for plus-strand initiation have also been studied in the context of viral systems. Using the Mo-MLV virus, the requirements for plus-strand initiation were examined using pools of PPT mutants, "purine PPTs," in which the PPT sequence was randomized with a guanine or an adenine in positions Ϫ1 to Ϫ11 (60) . After several rounds of replication, the most efficient PPT sequences were selected. The results of this study showed that viruses that maintained the Ϫ1 to Ϫ6 sequence (6Gs) had a selective advantage during viral replication. Viruses with mutations in the 3Ј end of the PPT were able to replicate, but the entire 3Ј five or six bases were necessary for replication in the absence of the 5Ј end of the PPT. It was also observed that the randomized PPT pools quickly evolved toward the sequences of the wild-type (WT) PPT (60) .
In another in vivo study using HIV-1, the effect of mutations of the PPT on single-round infectivity in a multinuclear activation of galactosidase indicator (MAGI) assay was examined. Single and double mutations introduced into the PPT sequence resulted in reductions in infectivity from 20 to 45% of WT, whereas multiple mutations in the PPT decreased infectivity to 5%. The analysis of two-long terminal repeat (2-LTR) circle junctions was also used to determine the specificity of plus-strand initiation. In this study, it was discovered that the WT viruses produced correct junctions 55% of the time. Viruses with mutations within the PPT produced correct circle junctions 30 to 43% of the time. The nature of the insertions and/or deletions within the circle junctions varied for each mutant. However, the proportion of circle junctions containing insertions was higher for all of the PPT mutants than for the WT. A major conclusion from this work was that the 5Ј end of the PPT sequence plays an important role in the proper generation and removal of the PPT during plus-strand initiation (44) .
We were interested in determining how the HIV-1 PPT mutations that we previously tested in our model system would affect replication in a viral system. The results of the present study demonstrate that mutations in both the 5Ј and 3Ј halves of the PPT have an effect on replication, although mutations in the bases at the 3Ј end of the PPT affect replication to a greater degree. We also show that a virus with a completely randomized PPT can replicate, albeit at a low level, and quickly reverts to WT during passage.
MATERIALS AND METHODS
Plasmid construction. The plasmids used were pNL4-3KFS⌬nef (30), pALTER-1 (Promega), and pNL4-3 (AIDS Reagent Program, catalog no. 114, 1). The KFS designation represents an insertion of multiple KpnI linkers into the env reading frame of pNL4-3, introducing a frameshift mutation (pNL4-3KFS, gift of Eric O. Freed, HIV Drug Resistance Program, National Cancer Institute, Frederick, MD [19] ). The nef deletion was produced by insertion of tandem stop codons at the beginning of the nef reading frame to avoid the complication of inadvertently changing the activity of Nef, whose reading frame includes the PPT sequence. To construct pNL4-3KFS⌬nef with a mutated 3Ј PPT sequence, both plasmids were digested using BamHI and NcoI (Roche). The BamHI and NcoI fragment of pNL4-3KFS⌬nef which contains the mutated PPT was subcloned into the pALTER-1 vector at the corresponding sites (pALTER-1-PPT). Mutations of the PPT (Table 2) were generated by using the Promega Altered Sites II system and confirmed by DNA sequencing. After digestion of the pALTER-1-PPT with BamHI and NcoI, the mutated fragment was religated into pNL4-3KFS⌬nef. The replication-competent viruses were made by digesting pNL4-3KFS⌬nef containing the PPT mutations and WT pNL4-3 with BamHI and NcoI. The BamHI and NcoI fragment of the PPT mutant was cloned into pNL4-3 at the corresponding sites. The resulting plasmid no longer contains the KFS frameshift that deletes the env gene, but it retains the nef deletion. The virus produced can undergo multiple rounds of replication.
As an additional control, the PPTSUB mutant virus was compared to the following integration-defective viruses: integrase (IN)-minus SG3 S-IN , having a translational stop codon (TAA) at position 1 to inhibit the entire translation of the IN coding region (designated S-IN), and the IN mutant SG3 D116A , having an alanine substitution at position 116 of IN within the catalytic center, which abolishes IN activity (designated D116A). Both plasmids were a gift from John C. Kappes (University of Alabama at Birmingham) (39, 76) .
Preparation of viral stocks. HEK 293 cells (AIDS Reagent Program, catalog no. 103) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). To make viral particles that will undergo a single round of replication, pNL4-3KFS⌬nef containing the PPT mutations was cotransfected in 293 cells with pIIIenv3-1 (gift of Eric O. Freed) (66), which produces HIV-1 envelope in trans. To make multiround replicationcompetent viral particles, the viral clones pNL4-3⌬nef, pSG3 S-IN , or pSG3
D116A
were transfected into 293 cells. The 293 cells were transfected using the QIA-GEN Effectene transfection kit according to the manufacturer's protocol. Transfections were done in 75-cm 2 flasks using 6 g of viral plasmid and 0.5 g of envelope plasmid per flask (envelope plasmid for single round only). Cells were incubated for 6 h at 37°C and then refed to remove the Effectene and any residual plasmid. Inoculated cells were then incubated for an additional 72 h before supernatants containing the pseudotyped or replication-competent viral particles were collected. The resulting viruses were filtered through 0.45-mpore-size filters and tested for p24 content by enzyme-linked immunosorbent assay (ELISA) (Immuno Diagnostics). Viral particles were treated with 20 g of DNase I (Roche) per ml for 30 min at 37°C to remove any residual plasmid.
Single-round infectivity assay. The relative infectivity of the PPT mutant viral particles was determined by MAGI assay (30, 31 
a Summary of our previous study (51) using 15-and 20-nt RNA primers containing specific mutations in the PPT sequence annealed to a complementary 35-nt minus-strand DNA template. Changes from the WT PPT sequence (shown in bold) are underlined. The relative amounts of cleavage and extension are represented by ϩ and Ϫ. The italic G in the GA oligonucleotide represents an imprecise removal of the RNA primer which results in a base of RNA remaining on the DNA. a Some of the mutations tested in the in vitro assay were introduced into the NL4-3KFS⌬nef plasmid. Changes from the WT PPT sequence (shown in bold) are underlined.
24-well plate at 4 ϫ 10 4 cells per well in 5% FBS-DMEM. Cells were infected with a total volume of 500 l of infection cocktail (50 l of DEAE-dextran [200 g/ml in DMEM], 5 ng of the NL4-3KFS⌬nef-pIIIenv3-1 PPT mutant in a volume of 500 l of 5% FBS-DMEM; total volume/well, 500 l). The cells were incubated for 2 h in 5% CO 2 at 37°C. After adding 1 ml of 5% FBS-DMEM to each well, the plate was incubated for 48 h at 37°C. The cells were then fixed with 0.2% glutaraldehyde and 1% formaldehyde and stained in X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) solution (0.4 mg of X-Gal per ml dissolved in dimethylformamide, 4 mM potassium ferricyanide, 4 mM potassium ferrocyanide, 2 mM MgCl 2 in phosphate-buffered saline). The infectivity was scored as the total number of blue cells per nanogram of p24 of virus added. The controls for this assay were uninfected cells.
To control for ␤-galactosidase expression induced by Tat expressed from unintegrated 2-LTR circles, the PPTSUB mutant virus was compared to the viruses S-IN and D116A. One day prior to infection, U373-MAGI-CXCR4 CEM cells (AIDS Reagent Program, catalog no. 3596) were seeded in a six-well plate at 1.5 ϫ 10 5 cells per well in 5% FBS-DMEM. Cells were infected with a total volume of 2 ml of infection cocktail (200 l of DEAE-dextran [200 g/ml in DMEM], 10 ng of PPTSUB NL4-3KFS⌬nef-pIIIenv3-1, S-IN, and D116A integrase mutant viral particles in a volume of 2 ml of 5% FBS-DMEM; total volume/well was 2 ml). The cells were incubated for 2 h in 5% CO 2 at 37°C followed by two washes with 1 ml of phosphate-buffered saline and then refed with 3 ml of 5% FBS-DMEM. After 48 h, the cells were fixed and stained as described above, and the infectivity was scored as the total number of blue cells per nanogram of p24 of virus added. The controls for this assay were heatinactivated WT virus and uninfected cells.
Progeny virus detection. To detect progeny viral particle production, the infectivity assay was carried out using 50 ng of virus as described above. After the 2-h incubation, the cells were washed twice with 1 ml phosphate-buffered saline and refed with 1 ml of medium. The supernatants were collected 48 h postinfection and tested for p24 antigen content using a p24 ELISA.
Propagation assay. U373-MAGI-CXCR4 CEM cells were seeded in T-25 flasks (7 ϫ 10 5 cells per flask) in 10 ml of 5% FBS-DMEM 1 day prior to infection. After removal of the medium, each flask was inoculated with the infection cocktail (200 l of DEAE-dextran [200 g/ml in DMEM], 80 ng of WT PPT or PPTSUB NL4-3⌬nef viral particles in a volume of 2 ml of 5% FBS-DMEM; total volume/well was 2 ml). The cells were incubated for 2 h in 5% CO 2 at 37°C followed by two washes with 5 ml of phosphate-buffered saline and then refed with 10 ml of 5% FBS-DMEM. The cells were passaged every 72 h with 5% FBS-DMEM (0.2 mg of G418/ml, 100 U of penicillin-100 g of streptomycin/ml [Atlanta Biological]) over 15 days. At each time point beginning on day 6, 2 ϫ 10 5 infected cells and 2 ϫ 10 5 uninfected cells were seeded to the plate. Infectivity was measured by testing the supernatants at each time point using a p24 ELISA.
Proviral DNA detection. Forty-eight hours postinfection, cells infected with 50 ng of NL4-3KFS⌬nef-pIIIenv3-1 PPT mutants (infection as described above for single-round assay) were harvested by trypsinization, and the proviral DNA was recovered from the P4 MAGI cells using the QIAGEN DNeasy tissue kit according to the manufacturer's protocol (50-l eluate). Proviral DNA was detected by PCR using the following primers, designed to amplify proviral DNA synthesized (see Fig. 2A ) during reverse transcription (nt correspond to the numbering in pNL4-3 [1] ): minus-strand DNA after transfer forward primer MDP044 (nt 9028 to 9051), 5Ј-ACA AGG CAG CTG TAG ATC TTA GCC-3Ј; reverse primer MDP045 (nt 9307 to 9288), 5Ј-TCC ATT CCA TGC AGG CTC AC-3Ј; plus-strand strong-stop DNA forward primer MDP046 (nt 454 to 477), 5Ј-GGG TCT CTC TGG TTA GAC CAG ATC-3Ј; reverse primer MDP047 (nt 653 to 635), 5Ј-GTC CCT GTT CGG GCG CCA C-3Ј. The reaction mixtures contained 1ϫ HotStart Taq Mastermix (QIAGEN), 30 pmol/l each of forward and reverse primers, and 10 l of DNA template. The reactions were amplified for 35 cycles of 30 s at 65°C followed by 45 s at 72°C. PCR products were run on a 2% agarose gel (FisherBiotech).
2-LTR circle junction DNA analysis. Extraction of 2-LTR circles from infected P4 MAGI cells (infection as described above for single-round assay) was performed using the QIAGEN QIAprep Spin Plasmid kit with the following modifications: for step 2, after addition and mixing of buffer P2, the tube was incubated for 5 min at room temperature; for step 3, upon addition and mixing of buffer N3, the tube was incubated on ice for 5 min; and for step 10, elution of proviral DNA with 50 l of Tris-EDTA buffer by incubation for 5 min at 37°C and centrifugation for 1 min. This kit was used as a substitute for the traditional Hirt procedure (24) . The primers used to analyze the 2-LTR circle junctions were as follows: 3Ј-U5 forward primer MDP037 (nt 522 to 547), 5Ј-GCC TCA ATA AAG CTT GCC TTG AGT GC-3Ј; and 5Ј-U3 reverse primer MDP038 (nt 132 to 110), 5Ј-CAG GAT CCA AAG GTC AGT GGA TAT CTG-3Ј (25) (see 3A ). The reaction mixtures contained 1ϫ HotStart Taq Mastermix (QIA-GEN), 30 pmol/l each of forward and reverse primers, and 10 l of DNA template. The reactions were amplified for 45 cycles for 2 min at 70°C followed by 7 min at 72°C. PCR products were run on a 3.5% agarose gel (FisherBiotech) to verify that normal 2-LTR circle junctions were formed (250-bp fragment); fragments larger than 250 bp represent circle junctions with additional bases within the junction. PCR products were cloned directly using the Invitrogen TOPO TA cloning kit for sequencing. Sequences were obtained using an ABI 3100 automated sequencer according to the manufacturer's recommendations. Results were analyzed using OMIGA 2.0 software (Accelrys Inc.).
Quantitative results were obtained using the I-cycler real-time PCR instrument using the iQ SYBR green Supermix reagent (Bio-Rad) for detection. The 
RESULTS
Infectivity of PPT mutants in a single-round infectivity assay. To determine the effect of mutations of the PPT on infectivity, MAGI cells were infected with NL4-3KFS⌬nef-pIIIenv3-1 containing each of the PPT mutations listed in Table 2 , and the number of blue cells per nanogram of p24 antigen was determined. Each mutant was compared to infections with a virus containing the WT PPT, and the result was expressed as a percentage of WT PPT infectivity (Fig. 1A) . The 6Gs mutant and the 5Ј end mutation maintained 38% of WT PPT infectivity. In contrast, the two 3Ј end mutations, 6Cs and 4Cs, resulted in 20% of WT infectivity. The PPTSUB mutant, containing a completely randomized PPT, and the ATT mutant, containing a completely randomized attachment site (att) for integrase, both maintained 12% of WT PPT infectivity. The control, a heat-inactivated WT PPT virus, showed no infectivity. All of the tissue culture supernatants from infected cells were positive for p24 antigen in amounts roughly proportional to the relative infectivity of the virus (Fig. 1B) . This demonstrates that each mutant was able to produce progeny virions. Note that the mock infection with heat-inactivated virus had no detectable p24 antigen, which demonstrates that no p24 antigen was carried over from the initial inoculum.
Since the expression of Tat from 2-LTR circles could potentially transactivate the ␤-galactosidase reporter in the MAGI assay, we included additional controls to check for this possibility. The first is a virus containing the D116A point mutation in IN (designated D116A), which produces increased numbers of 2-LTR circles. The second is an IN-deleted virus (designated S-IN), which produces normal numbers of 2-LTR circles. The results are summarized in Fig. 1C . The relative number of blue cells produced by the D116A mutant was more than double the number of the other negative controls. However, this number of blue cells was less than that produced by the PPTSUB mutant. This suggests that the PPTSUB mutant virus retained some residual infectivity beyond what could be explained by the increase in 2-LTR circles alone. This is consistent with the observation that the PPTSUB infection resulted in the production of p24 antigen, which is produced only by integrated provirus.
Detection of upstream priming during plus-strand generation. To determine if upstream priming occurred during any of the infections with mutant or WT virus, genomic DNA from cells infected with mutant and WT viruses was tested using PCR. Two sets of primers were used to detect normal plus-and minus-strand DNA formation during reverse transcription (70) . A third set of primers was included to detect proviral DNA which had additional bases added to its 5Ј end. This type of product would be formed if plus-strand priming had occurred at an alternative site(s) upstream of the 3Ј PPT ( Fig.  2A) , especially in the absence of a functional PPT. All of the PPT mutants showed significant amounts of upstream priming, and surprisingly, upstream priming occurred in the WT sample as well (Fig. 2B) . The control was the viral clone pNL4-3KFS, plasmid which contains only proviral DNA, with the correct 5Ј end.
Use of 2-LTR circle junction analysis to determine sites of plus-strand initiation. During a normal infection, infected cells contain both integrated viral DNA and unintegrated linear and circular viral DNA (11, 17, 25) . The unintegrated forms are dead-end products of reverse transcription. One of the circular forms present is the 2-LTR circles, which are produced by the ligation of the unintegrated linear proviral DNA ends by the host cellular machinery (11, 35, 36, 65) and are relatively stable once formed (8, 49) . The sequence of the circle junction has been used as a surrogate to determine the state of the linear proviral DNA prior to ligation (7, 8, 11, 17, 25, 35, 44, 49, 65) . PCR amplification across the sequences of the 2-LTR junctions can be used to provide information on the site(s) of initiation (Fig. 3A) . Priming of plus-strand DNA from sites upstream of the 3Ј PPT will result in additional bases being added to the 5Ј end of the proviral DNA. This, in turn, will result in 2-LTR junctions that contain additional DNA.
We used this type of analysis to determine if upstream priming was occurring at a higher frequency in cells infected with PPT mutant viruses than in those infected with WT viruses. PCR primers which would amplify a region across the circle junction were selected (Fig. 3A) . The PCR products were then cloned and sequenced to determine the state of the circle junctions. Our results showed that 52% of the WT PPT junctions contained normal circle junctions (Fig. 3B) . Upstream priming accounted for 14% of the WT PPT junctions, whereas deletions and additions within the junction accounted for 34%. Surprisingly, 72% of the PPTSUB mutant junctions were normal, while 8% showed upstream priming and 20% had deletions and/or additions within the junction. In those 2-LTR junctions that had additional sequences and therefore showed evidence of upstream priming, we determined the predicted sequences of the putative primers. The alternative primers for WT PPT or the PPTSUB mutants did not resemble the known functional PPT: WT primer 1 (W1), ACA ATG CTG CTT GTG CCT GC; WT primer 2 (W2), CAC CTC AGG TAC CTT TAA GA; PPTSUB primer 1 (P1), ACC TAG AAG ATT AAG ACA GG; and PPTSUB primer 2 (P2), TTT GCT ATA AGA TGG GTG GC (Fig. 4) .
Quantitation of the 2-LTR circles. In the absence of a functional PPT, one might expect that the proviral DNA produced would not have the proper ends for efficient integration. In this case, less integration would occur and might increase the amount of 2-LTR circle DNA that is formed as a by-product of reverse transcription. To determine whether the absence of a functional PPT would affect the relative amount of 2-LTR circle DNA that was being formed, we quantitated 2-LTR circles using quantitative PCR. Our analysis revealed that infections with the PPTSUB mutant produced 2-LTR circles that were 3.5 logs greater in number than that of the wild-type infection (Fig. 5) . These results are consistent with the finding that the accumulation of reverse transcription by-products are derived from unsuccessful integration events (12, 15, 61) and suggest that fewer proviruses are being integrated in cells infected with the PPTSUB mutant.
Propagation of the PPTSUB mutant. To determine if the progeny viruses produced from a PPTSUB infection could undergo further rounds of replication, we introduced the PPTSUB mutation into a replication-competent virus (NL4-3⌬nef; see Materials and Methods for details) (1). To overcome the effects of decreased infectivity of the virus, this experiment was performed with a larger inoculum (80 ng of the p24 antigen). Our results showed that the mutant virus at day 3 was 1.5 logs less infectious than the WT virus, which appears to mirror the results of the single-round infectivity assay (Fig.  6) . However, by day 6, the PPTSUB mutant was able to propagate as efficiently as the WT. Sequencing of proviral DNA at each time point revealed that the PPTSUB mutant sequence was retained by the virus at day 3 but quickly reverted to the WT PPT sequence by day 6 (data not shown).
DISCUSSION
The goal of the present study was to determine the effect of PPT mutations, which we had previously tested in an in vitro assay, on plus-strand initiation in a viral system. We tested mutants in which both the 5Ј and 3Ј ends of the PPT were changed as well as a mutation that completely randomized the PPT sequence. All of the PPT mutants used in this study showed a significant reduction in infectivity. In general, mutation of the 3Ј end had a more dramatic effect on infectivity than mutation of the 5Ј end of the PPT. These results are in agreement with our previous study, which demonstrated that the identity of the bases at the 3Ј end of the PPT is crucial for PPT priming activity (51) . However, the data demonstrate that in vivo, mutation of the 5Ј end of the PPT also significantly reduces infectivity. These results support the observation that the 5Ј end of the PPT is important for correct processing of the PPT primer (44) . Collectively, these data demonstrate that the entire PPT sequence is needed for proper cleavage and extension of plus-strand DNA to achieve maximal infectivity. One of the more astonishing observations from this study is that the PPTSUB mutant retained a level of infectivity which was significantly above the level of background in MAGI assays (Fig. 1A) . Two possibilities could account for this observation. First, a virus that lacks a PPT could produce sufficient Tat protein to activate the reporter gene in these cells during infection. Tat can be produced from the nonintegrated viral DNA, particularly in our study, from the increased number of 2-LTR circles and result in activation of the MAGI cells without integration actually occurring. There is precedent for transcription from proviral DNA which is not integrated (3, 6, 16, 74, 77) . Second, some of the PPTSUB virus could become integrated and activate the MAGI cells as a consequence of a complete infectious cycle. To delineate these two possibilities, we compared the infectivity of the PPTSUB mutant to additional negative controls (Fig. 1C) . The IN mutant D116A produced increased numbers of 2-LTR circles and showed an increase in numbers of blue cells in the MAGI assay over background levels. However, the PPTSUB mutant showed significantly higher numbers of blue cells, which suggests that this mutant has residual activity not explained by increases in 2-LTR DNA alone. In addition, our results show that p24 antigen is produced in the tissue culture medium of PPTSUBinfected cells (Fig. 1B) . This suggests that a small number of virions are produced from these infections and supports the idea that at least some of the PPTSUB proviral DNA is being integrated.
Other studies have investigated the infectivity of viruses lacking a PPT. Aldrovandi et al. showed that HIV-1 viruses with deletions of nef, which also delete the PPT, failed to replicate (2). However, some propagation studies have shown that viruses with significant mutations in the PPT sequence are able to replicate to various degrees (46, 60) . One of these studies used Mo-MLV to determine whether pyrimidines would be permitted at any of the positions in the PPT sequence. Pools of viruses that had PPTs randomized with any of the four bases (GATC PPT pool, subset of approximately 100 viruses) were tested. Replication of the mutant viruses was not detectable until 17 days postinfection (60) . In another study, simian immunodeficiency virus was mutated to remove the T-rich region upstream of the PPT, the PPT, and the att sequences downstream of the PPT (TPI region; 13 point mutations were introduced to make the region dysfunctional) (46) . The TPI mutant retained 12% of WT infectivity in a singleround simian MAGI assay (9) . This finding is similar to our result for the PPTSUB mutant compared to our WT in a single-round MAGI assay. Together, these studies demonstrate that in the absence of a functional PPT some level of replication can occur.
To determine if DNA from infected cells contained provirus with additional sequences at the 5Ј end, we analyzed genomic DNA using PCR primers specific for upstream priming events. We found that genomic DNA from cells infected with each of the mutants as well as with the WT PPT produced significant amounts of proviral DNA with additional sequences at the 5Ј end. Other studies have also shown that there may be alternative sites of initiation for plus-strand synthesis (32) . In addition, there are experiments that show the significant role of the central PPT (cPPT, identical to the 3Ј PPT but located at the center of the HIV-1 genome) in the process of reverse transcription. It has been shown that the cPPT can also prime a portion of plus-strand synthesis and that mutating this sequence results in replication deficiency (10, 22, 27, 28, 68, 73; reviewed in reference 56). To determine where plus-strand synthesis was initiating in infections with our mutants, we analyzed 2-LTR circle junctions. Our results demonstrate that upstream priming did not initiate from the cPPT nor did the sites of initiation resemble an authentic HIV-1 PPT. Several studies have shown that nonspecific RNA oligomers can act as primers for DNA synthesis (14, 20, 48 ; reviewed in reference 56). 2-LTR circles are the products of failed integration, as evidenced by accumulation of the circles in significant numbers in infections with integration-defective viruses (7, 12, 13, 15, 61) . Our study revealed a 3.5-log increase in the number of 2-LTR circles produced by the PPTSUB mutant compared with the WT PPT during virus infection; this suggests that there is a defect in the integration of these proviruses. Other reports have shown that retroviral vectors lacking a PPT and att site have the ability to complete reverse transcription and form provirus (4, 11) . In this case, it was proposed that the provirus is integrated into the target cell by aberrant integration events or by some other unknown mechanism (4).
Since our PPTSUB mutant was able to produce p24 antigen from single-round infections, we wished to determine whether progeny virions were able to undergo further rounds of replication. When the PPTSUB mutation was inserted into a replication-competent virus (NL4-3⌬nef), multiple rounds of replication could be induced (Fig. 6) . Although the number of particles produced from each round of infection was low, the particles were infectious. This residual infectivity suggests that there may be an alternative mechanism to ensure that the proper ends of proviral DNA are formed for integration into the host cell genome or that provirus with the incorrect 5Ј end may be able to integrate and produce virions. In the study cited above, it was shown that the simian immunodeficiency virus TPI mutant (46) , like our PPTSUB virus, was able to replicate after extended incubation, and the titer dramatically increased after replication for 3 days postinfection (46) . Curiously, the PPTSUB mutant in our study appeared to revert completely back to the WT PPT sequence in the span of only 3 days. How could such a dramatic change in sequence have occurred? The specific sequence of the strictly conserved PPT could be the driving force for this rapid change. Thus, for Mo-MLV, after infection with the complete GATC PPT pool (PPT randomized with any of the four bases) (60), viral spread was detectable 3 days after that of the WT. Following a single passage of the virus, the pyrimidines were not detectable in most positions, suggesting quick reversion toward the sequences of the WT PPT. It is possible that the same strong selection is at work in this case in combination with rapid mutation rates or some form of recombination.
The results from this study confirm many of the features of plus-strand priming that have been reported using in vitro systems. A major surprise from this work is that a virus with a completely randomized PPT can still replicate to some degree. Our observation that the PPTSUB mutant appears to completely revert to the WT sequence after only a few rounds of replication was also observed in mutational studies of the PBS. Investigation of the sequence requirements for the interaction between tRNA 3 Lys and the PBS during reverse transcription provided strong evidence that reversion does occur (59) . For example, deletions that eliminated the entire PBS (⌬PBS) or the first 9 (⌬1-9), the second 9 (⌬10-18), or 12 (⌬7-18) nt of the PBS were introduced into the PBS of the HIV-1 proviral genome. One other mutation in the PBS was the substitution of the deleted second 9 nt of the PBS with additional nt [Lys(1-9)]. Infectious virus was produced with the ⌬10-18, ⌬7-18, and Lys(1-9) mutants, although their detection was delayed compared to the WT virus. Sequence analysis of the PBS region of the proviral genomes revealed that the 18-nt PBS complementary to tRNA 3 Lys was present within 4 to 5 days. The authors also found nucleotide deletions and insertions 3Ј of the PBS region. Reinfection with the revertant viruses maintained the deletions 3Ј of the PBS, and the viruses replicated as efficiently as the WT (59) . The quick reversion of these PBS mutants is likely due to the use of the tRNA 3 Lys as the template for regeneration of the WT PBS sequence during synthesis of plus-strand strong-stop DNA (11) .
In the case of our PPTSUB mutant, no such mechanism is known to be present for regeneration of the PPT. The use of the cPPT as a primer for plus-strand synthesis is not evident in our study. The flanking sequences of the revertant PPTs did not resemble those that surround the cPPT (data not shown). Thus, recombination with the cPPT seems unlikely. One possibility is that the virus may be recombining with human endogenous retrovirus (HERV) sequences which constitute about 7 to 8% of the human genome (23, 69) . It has been shown that partial and full-length proviral transcripts of HERVs or their translation products are present in human cells (40, 69, 71) . Presently, there has been no detection of HERVs that are related to HIV-1 or HIV-2 in the human genome, but there are some DNA sequences related to the highly conserved domain of the HIV RT and gp41 (71) . The PPT sequences of HERV-K and HERV-W are similar to that of HIV-1 and other retroviruses and retroelements. Alternatively, other unknown mechanisms might be in place to ensure the restoration of the PPT sequence. If this is the case, we were not able to determine the exact nature of such a mechanism using the techniques developed in this study.
In summary, we have shown that changes in both the 5Ј and 3Ј ends of the PPT can reduce the infectivity of HIV-1. However, changes of the 3Ј end of the PPT reduced infectivity to a greater extent than mutation of the 5Ј end. These results are in substantial agreement with previous in vitro data (44) . Surprisingly, a virus containing a completely randomized PPT maintained a low level of infectivity and quickly reverted to a WT PPT sequence upon passage. Further understanding of these phenomena will require continued study of plus-strand formation using similar viral systems.
